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This work uses electrospray ionization mass spectrometry (ESI-MS) in conjunction with
hydrogen/deuterium exchange (HDX) and optical spectroscopy for characterizing the solution-
phase properties of cytochrome c (cyt c) after heat exposure. Previous work demonstrated that
heating results in irreversible denaturation for a subpopulation of proteins in the sample.
However, that study did not investigate the physical reasons underlying this interesting effect.
Here we report that the formation of oxidative modifications at elevated temperature plays a
key role for the observed behavior. Tryptic digestion followed by tandem mass spectrometry
is used to identify individual oxidation sites. Trp59 and Met80 are among the modified amino
acids. In native cyt c both of these residues are buried deep within the protein structure,
such that covalent modifications would be expected to be particularly disruptive. ESI-MS
analysis after heat exposure results in a bimodal charge-state distribution. Oxidized
protein appears predominantly in charge states around 11, whereas a considerably lower
degree of oxidation is observed for the 7 and 8 peaks. This finding confirms that
different oxidation levels are associated with different solution-phase conformations. HDX
measurements for different charge states are complicated by peak distortions arising from
oxygen adduction. Nonetheless, comparison with simulated peak shapes clearly shows
that the HDX properties are different for high- and low-charge states, confirming that
interconversion between unfolded and folded conformers is blocked in solution. In
addition to oxidation, partial aggregation upon heat exposure likely contributes to the formation
of irreversibly denatured protein. (J Am Soc Mass Spectrom 2009, 20, 819–828) © 2009 American
Society for Mass SpectrometryStudies on the structure and dynamics of proteinscontinue to be a focal area of biochemical research.A number of well-established tools are available
for experiments of this kind, including X-ray crystallog-
raphy, nuclear magnetic resonance, calorimetry, and
various spectroscopic techniques. Electrospray ioniza-
tion mass spectrometry (ESI-MS) has become another
widely used approach for exploring the properties of
proteins in solution, providing information comple-
mentary to that obtained by traditional methods [1].
The ESI process generates intact gas-phase ions from
proteins in solution. In the commonly used positive-ion
mode these [M  nH]n species are multiply charged
because of proton attachment.
ESI of natively folded proteins results in protonation
states n similar to those predicted for water droplets of
the same size that are charged to the Rayleigh limit.
This finding supports the idea that ionization follows
the charged-residue model [2–6], although alternative
scenarios have been proposed as well [7–9]. Much
higher protonation states and wider charge-state distri-
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doi:10.1016/j.jasms.2008.12.016butions are generally seen for proteins that are unfolded
in solution. Based on this empirical relationship,
ESI-MS is now routinely being used for monitoring
structural transitions in response to changes in pH,
temperature, organic co-solvents, or covalent modifica-
tions [1, 10–16]. The physical basis for the striking
dependence of ESI charge states on the solution-phase
protein conformation continues to be a matter of debate.
Various explanations have been put forward, including
differences in the steric accessibility of protonation sites
and changes of the corresponding pKa values [10, 17]. It
has also been argued that more extended conformations
reduce the extent of coulombic repulsion in multiply
protonated ions [18]. In addition, the enhanced struc-
tural flexibility of unfolded proteins can favor in-
tramolecular solvation of charged sites [19, 20]. Other
proposals invoke differences in gas-phase basicity
between protein and solvent [21]. Mechanisms in-
volving conformation-dependent charge neutralization
[22] or combinations of electrostatic and steric shielding
[23] have been put forward, as well as proposals that
ESI charge states reflect the protein surface area [24],
and that they specifically monitor changes in tertiary
(not secondary) structure [11].
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structural studies offers a number of unique advan-
tages. Differentiating coexisting conformers can be
challenging when using traditional spectroscopic
techniques, whereas multimodal ESI charge-state dis-
tributions permit the direct visualization of individual
species [25, 26]. The gentle nature of the ESI process
allows the transfer of intact protein–ligand and protein–
protein complexes into the gas phase [6, 27–29]; thus,
insights into conformations and interactions are ob-
tained in a single experiment [17, 30–36]. A further
dimension can be added to these studies by incorporat-
ing ion mobility spectrometry [37, 38].
A very interesting approach is to monitor the charge-
state distribution of a protein, while simultaneously
measuring its hydrogen/deuterium exchange (HDX)
behavior [39–42]. The two probes complement each
other, given that ESI charge states report on the “com-
pactness” of a protein in solution [20], whereas HDX is
governed largely by the hydrogen-bonding behavior
along the amide backbone. HDX at sites that are in-
volved in stable hydrogen bonds or that are sterically
shielded is mediated by conformational fluctuations.
Thus, proteins that are disordered and highly mobile
undergo much faster isotope exchange than tightly
folded conformers [43].
Because the individual components of bi- or multi-
modal ESI charge-state distributions represent distinct
solution-phase conformers, it is not surprising that
different charge states in a single spectrum can be
associated with different HDX properties [41, 44–48].
However, not all cases show this behavior. Several
studies have found that charge states representing very
different coexisting protein structures can exhibit iso-
tope exchange kinetics that are indistinguishable [49–
51]. This conundrum is resolved when it is considered
that coexisting conformers may interconvert in solution
[52]. All species will exhibit the same HDX kinetics if
interconversion is rapid on the HDX timescale. This
relationship was first proposed in a seminal study by
Wagner and Anderegg [53]. In that work it was re-
ported that cytochrome c (cyt c) under mildly acidic
conditions exhibits a bimodal charge-state distribution,
representing the presence of unfolded proteins in addi-
tion to the native conformers. The two forms showed
very similar isotope exchange kinetics. The experiment
was then repeated on samples that had been partially
denatured in an irreversible manner by heat exposure.
When the heated samples were transferred back to a
native solvent environment at room temperature a
bimodal charge-state distribution was found to persist,
corresponding to a mix of permanently unfolded pro-
tein and natively folded polypeptide chains. With inter-
conversion being blocked, it was reported that high-
charge states showed more extensive HDX than did
low-charge states. Those widely cited results [53] were
instrumental in establishing ESI charge states as a
well-accepted probe for protein conformational studies.Most unfolded proteins will spontaneously refold to
the native state once placed in a non-denaturing solvent
environment, i.e., ambient temperature, neutral pH,
and in the absence of chemical denaturants [54]. A key
question that was not explicitly addressed in Wagner
and Anderegg’s study [53] and in related previous
work [55] is why heat exposure of cyt c results in the
formation of conformers that are irreversibly unfolded.
The reasons underlying the apparently different HDX
characteristics for high- and low-charge states thus
remain unclear. Irreversible thermal denaturation has
also been observed using other techniques for a number
of different proteins. It was proposed that this phen-
omenon may be caused by a combination of factors,
including partial aggregation and various covalent
modifications [56–61]. The current study revisits the
experiments of Wagner and Anderegg [53], with the
aim of providing additional insights into the ESI-MS
and HDX characteristics of cyt c after heat exposure. It
is found that the formation of irreversibly denatured
protein is linked to oxidative damage. Partial aggrega-
tion may play a role as well. Covalent oxygen adduction
interferes with the analysis of HDX experiments, neces-
sitating a re-examination of the question, irrespective of
whether high- and low-charge states of heat-exposed
cyt c exhibit distinct isotope exchange properties.
Experimental
Materials
Bovine heart cyt c (12,230 Da [62]) was purchased from
Sigma (St. Louis, MO, USA). Ammonium acetate and
formic acid were from Fluka (St. Louis, MO, USA).
Ammonia was obtained from Caledon Laboratory
Chemicals (Caledon, ON, Canada) and D2O was from
Cambridge Isotope Laboratories (Andover, MA, USA).
Thermally denatured protein was generated using pro-
cedures very similar to those of Wagner and Anderegg
[53]. Aliquots (25 mL) containing 1 M cyt c were
heated in double-distilled water (pH 6.5) for 1 or 2 h at
90 °C in a water bath. Higher protein concentrations
resulted in unacceptable levels of aggregation. After
heat exposure the samples were flash frozen in liquid
nitrogen, lyophilized, and subsequently re-dissolved to
500 L in 5 mM aqueous ammonium acetate. The pH
was adjusted to 7 by addition of ammonia. UV-Vis
measurements (Soret  1.06  10
5 M1 cm1 [63])
indicate the loss of roughly 30% protein during the
procedure, yielding a final stock solution of about 35
M. Native cyt c samples were prepared in 5 mM
ammonium acetate at pH 7 and acid-denatured protein
was generated by addition of formic acid to pH 2 (both
without heating). Protein digestion was performed by
trypsin spin columns (Sigma). The sequence of bovine
cyt c (pdb code 2b4z [62]) along with its tryptic cleavage
sites (2) is indicated below:
1GDVEK2GK2K2IF VQK2CAQCHTV EK2GGK2
HK2TGP NLHGLFGR2K2T 41GQAPGFSYTD ANK2
821J Am Soc Mass Spectrom 2009, 20, 819–828 THERMAL DENATURATION OF CYTOCHROME cNK2GITWG EETLMEYLEN PK2K2YIPGTK2M
81IFAGIK2K2K2GE R2EDLIAYLK2K2 ATNE.
Mass Spectrometry, Liquid Chromatography (LC)/
MS, and Hydrogen/Deuterium Exchange
All mass spectra were acquired on a Q-ToF Ultima API
mass spectrometer (Waters Corp., Milford, MA, USA),
equipped with a Z-spray ESI source that was operated
in positive-ion mode. The capillary and cone voltages
were 3 kV and 60 V, respectively, and the rangefinder
(RF) lens 1 was set to 20 V, unless indicated otherwise.
Cone and desolvation gas flow rates were 50 and 500 L
h1, respectively. The desolvation temperature was set
to 120 °C and that of the source to 80 °C. For character-
izing protein charge-state distributions, cyt c was in-
fused directly into the ion source at a flow rate of 5 L
min1 using a syringe pump (Harvard Apparatus,
Boston, MA, USA). The protein concentrations used
were 5 M for native and acid-denatured cyt c, whereas
the low signal intensities after heat exposure necessi-
tated a higher protein concentration of 35 M. LC/MS
experiments were conducted using a Waters 1525
HPLC pump with a C18 (Symmetry 300) 2.1  100-mm
reversed-phase column at a flow rate of 100 L min1
and a water/acetonitrile gradient in the presence of
0.1% formic acid. The injection loop volume was 25 L
at a protein concentration of 25 to 35 M. Identities of
tryptic peptides were confirmed by tandem mass spec-
trometry (MS/MS). These measurements were carried
out in data-dependent acquisition mode, where the
instrument automatically switches to MS/MS once a
peptide of interest elutes from the column. HDX exper-
iments were performed by mixing protein solution with
D2O in a 1:2 ratio. The mixture was transferred into a
syringe and directly infused into the ion source of the
mass spectrometer. The x-axis was converted from m/z
to massM for individual ionic signals according toM
(m/z  n)  (0.667  2.014  n)  (0.333  1.008  n),
where n is the charge state of the corresponding ion.
Bovine cyt c contains a total of 192 exchangeable hydro-
gens [53]. Hydrogen back exchange in the gas phase is
negligible under the conditions used here [64].
Optical Spectroscopy
UV-Vis absorption spectra were recorded on a Varian
Cary 100 spectrophotometer (Palo Alto, CA, USA). To
facilitate the comparison of spectra obtained under
different conditions the data were normalized to unity
at the Soret maximum. Fluorescence emission spectra
were acquired on a Fluorolog-3 instrument (Horiba
Jobin Yvon, Edison, NJ, USA), using an excitation
wavelength of 280 nm and protein concentrations that
were normalized to 5 M. Protein-free solutions were
used as blanks in all absorption and fluorescence exper-
iments. Circular dichroism (CD) spectra were recorded
on a Jasco J-810 spectropolarimeter (Easton, MD, USA)with a 1-mm path-length cuvette. The protein concen-
tration used for CD experiments was 35 M and the
measured spectra were converted to mean residue
ellipticity [53, 65]. HCl was used instead of formic acid
for CD measurements on acid-denatured cyt c to avoid
complications related to excessive light absorption in
the far UV.
Results and Discussion
ESI-MS, optical spectroscopy, and HDX measurements
were used to examine the effects of heat exposure on the
structure of cyt c. Samples that had undergone thermal
denaturation and subsequent lyophilization were com-
pared to native cyt c and to samples at pH 2 (1.2%
formic acid), where the protein is extensively unfolded
[11]. Protein that had undergone heat exposure was
studied in the same solvent environment as native cyt c
(i.e., pH 7) in 5 mM ammonium acetate at room
temperature (22  1 °C).
ESI Charge-State Distributions
The ESI mass spectrum of native cyt c shows a narrow
charge-state distribution that encompasses only the 7
and 8 peaks, representing a tightly folded solution-
phase conformation (Figure 1a). A much wider distri-
bution centered around 15 and extending all the way
to 20 is observed for the acid-denatured protein at pH
2 (Figure 1d). These observations are in line with
previous reports [11, 25, 53]. Protein that had been heat
exposed for 1 h retains its most intense charge state at
8, but the relative intensity of the 7 peak is dimin-
ished. In addition, higher charge states extending up to
at least 14 are observed (Figure 1b). The relative
intensity of highly charged ions is further elevated for a
heating period of 2 h (Figure 1c). The appearance of
these spectra was found to be stable for days. Extend-
ing the heating period to more than 2 h resulted in
data with increasingly poor signal-to-noise ratio (not
shown). The results depicted in Figure 1b and c are
consistent with earlier observations [53, 55] that heat
exposure of cyt c generates a subpopulation of proteins
that are irreversibly unfolded. In the spectra of Figure
1c and d, these non-native proteins give rise to charge
states centered around 11.
Compared to the data in Figure 1b and c, somewhat
higher charge states with considerably higher relative
intensities were seen in Wagner and Anderegg [53] for
heat-denatured conformers, an effect that is tentatively
attributed to differences in instrumentation. Quadru-
pole instruments of the type used in Wagner and
Anderegg [53] may discriminate against ions with high
m/z [66], resulting in skewed spectra when compared to
the TOF-MS data reported here. Other instrument char-
acteristics such as the ion source design could play a
role as well.
822 LIU AND KONERMANN J Am Soc Mass Spectrom 2009, 20, 819–828Optical Spectroscopy
Cyt c represents a convenient model system because it
offers several optical probes for monitoring the occur-
rence of structural changes. The UV-Vis absorption
spectrum reports on the heme environment [11, 63].
Coordination of the heme iron with its native His18 and
Met80 ligands leads to a Soret absorption maximum at
409 nm. Displacement of these ligands upon acid un-
folding induces a blue shift to 394 nm. A much smaller
shift to 407 nm is seen after 2 h of heat exposure (Figure
2a). A prominent feature in the spectrum of the heated
protein is a sloped baseline that strongly increases for
shorter wavelengths. This effect can be attributed to
Rayleigh scattering caused by small particles that are
suspended in solution, representing a hallmark of par-
tial protein aggregation [61]. Unfortunately, quantify-
ing the extent of aggregation is not straightforward
because scattering is affected by both the particle size
and the number density.
The CD spectrum of native cyt c shows minima at
208 and 222 nm, features that attest to a largely helical
secondary structure (Figure 2b). In contrast, the acid-
denatured protein has its main minimum at 202 nm,
Figure 1. ESI mass spectra of bovine cyt c recorded at room
temperature under different conditions. (a) Native protein at pH 7;
(b) after heat exposure for 1 h (pH 7); (c) after heat exposure for 2 h
(pH 7); (d) Acid denatured cyt c at pH 2 without prior heat
exposure.which is consistent with the prevalence of randomcoil-like elements [67]. Also heat exposure induces
some secondary structure perturbations, as evidenced
by the differences between the solid and the dashed
spectra in Figure 2b. The change in ellipticity at 222 nm
between these two datasets suggests a 20% loss in
helicity after heating, a finding that is consistent with
the results of Wagner and Anderegg [53].
The single Trp residue (Trp59) in native cyt c is
virtually non-fluorescent as the result of efficient
Förster resonance energy transfer to the heme, from
where the excitation energy is dissipated as heat [11,
68]. Unfolding disrupts this quenching mechanism by
increasing the heme–Trp distance. As a result, exposure
of the protein to pH 2 leads to a dramatic increase in
fluorescence intensity. A fluorescence increase is also
seen for cyt c after heating, but the signal intensity in
this case is only about 20% of that seen for the acid-
unfolded protein (Figure 2c).
The data presented so far confirm that heat exposure
of cyt c causes irreversible unfolding for a subpopula-
tion of proteins in the sample. A shift to higher ESI
charge states indicates a more expanded conformation.
Changes in the UV-Vis and fluorescence spectra point
Figure 2. Optical spectra of native cyt c at pH 7 (solid lines), after
2 h of heating at pH 7 (dashed lines), and acid-denatured cyt c at
pH 2 (dotted lines). (a) UV-Vis spectra, normalized to unity at the
Soret maximum; (b) CD spectra, expressed as mean residue
ellipticity (MRE); (c) fluorescence emission spectra.
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shows a reduced  helicity. However, the overall mag-
nitude of these heat-induced structural changes is mod-
erate compared with that of the more dramatic effects
seen upon acid-induced unfolding. Heat-exposed cyt c
aggregates to a certain extent, which is consistent with
the behavior seen for other proteins [61]. Although
non-native aggregates can sometimes be observed di-
rectly by ESI-MS [20, 34] this is not the case under the
conditions of this work, even when extending the mass
range for the measurements in Figure 1b and c (data not
shown).
Oxidative Modifications
A striking feature in the ESI mass spectra of thermally
treated cyt c (Figure 1b and c) is the occurrence of
extensive peak broadening and tailing, resulting in data
with relatively poor signal-to-noise ratio. Close inspec-
tion of individual peaks reveals that the heated pro-
tein has undergone oxidative modifications. All charge
states show a signal corresponding to the mass of
unmodified cyt c, but there are additional satellite peaks
shifted by 16 Da and multiples thereof (Figure 3a and
b). Covalent modifications of this type may be induced
by exposure to H2O2 or · OH [69, 70], but it has been
demonstrated that oxidation can also occur during heat
Figure 3. ESI-MS data for cyt c after 1 h of heating. (a) 8 charge
state plotted on a mass scale. (b) 13 charge state plotted on a
mass scale. Notation: “0” represents the mass of the unmodified
protein; “16,” “32,” etc. represent adduction of one, two, etc.
oxygens. (c) Oxidation level of individual charge states, expressed
as fraction of unmodified protein, Fu.exposure in the absence of such reactive compounds
[61]. The mechanisms of protein oxidation can be quite
complex, but many reaction pathways result in the
incorporation of oxygen atoms into amino acid side
chains, thereby accounting for the observed 16 Da
adducts [69]. Previous ESI-MS studies on thermally
denatured cyt c [53, 55] did not address the possible
occurrence of protein oxidation and close-ups of indi-
vidual peaks were not shown. However, the spectra for
heated samples in Wagner and Anderegg [53] and
Mirza et al. [55] had a “noisy” appearance, reminiscent
of the data in Figure 1b and c, making it likely that
oxidation also took place under the conditions of those
previous investigations.
Thermally induced oxidation is less pronounced for
low-charge states than that for highly charged protein
ions. After 1 h of heating, for example, the base peak for
cyt c 7 and 8 corresponds to the mass of the
unmodified protein. This is followed by smaller16 Da
and 32 Da adducts (Figure 3a). Residual unmodified
cyt c is also seen for higher charge states, but the most
intense peak in these cases is for singly oxidized pro-
tein, followed by a progression up to at least 5-fold
oxidation (Figure 3b). It is common to report protein
oxidation levels as “fraction unmodified,” Fu, defined as
Au/Atot [69]. In this expression Au is the peak area
corresponding to the unmodified protein and Atot is the
area of the entire mass distribution including unmodi-
fied and oxidized species. Peak integration for deter-
mining Atot in the current work was performed over the
mass range from zero to five oxidations. Analysis of
ESI-MS data after 1 h of heating (Figure 1b) results in Fu
values around 0.35 for charge states 7 and 8. Fu
gradually decreases for higher charge states, down to a
value of 0.16 for 14 (Figure 3c). Depending on their
location within the protein, oxidative modifications can
severely disrupt the native fold [71–73]. This is consis-
tent with the observation that cyt c with elevated
oxidation levels is preferentially seen in high-charge
states (Figure 3b). These data imply that oxidative
modifications are a major contributing factor to the
formation of irreversibly denatured cyt c after heat
exposure.
Tryptic peptide mapping was used for locating ma-
jor modification sites within the heated protein. Some
oxidation was found to occur within the region covered
by peptide T12 (residues 56–72). Marker fragments b4
16 (m/z 474.2) and y8  16 (m/z 1039.5) reveal oxygen
incorporation at both Met65 and Trp59. Also T15 (resi-
dues 80–86) carries a16 Da modification. Observation
of b2  16 (m/z 261.1), along with unmodified y6 (m/z
648.4) pinpoints Met80 as the site of oxidation in this
segment (data not shown). These results for T12 and
T15 are consistent with previous work that found Met
and Trp to be among the amino acids with the highest
intrinsic reactivities [69]. Oxidation was also observed
for T4–5 (residues 9–22). Unfortunately, the interpreta-
tion of MS/MS spectra (not shown) for this peptide is
complicated by the presence of heme, which is co-
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bonds. Fortunately, some insights can be obtained by
collisional activation of the intact protein during ESI,
leading to the formation of protonated heme as a major
fragmentation product [74]. Collision-induced dissocia-
tion of non-heated cyt c produces a clean heme signal at
m/z 617.2 that is accompanied only by its isotope peaks
(Figure 4a). Analysis of heat-exposed protein results in
additional ions including (heme  16 Da) and a host of
other unidentified species (Figure 4b). This result
strongly suggests that heme itself undergoes covalent
modifications during heat exposure, an interpretation
that is supported by studies on myoglobin under oxi-
dizing conditions [75]. In addition to the modifications
uncovered here, other sites of oxidation likely exist.
Based on the known reactivity of sulfur-containing
residues [69], the thioether groups of Cys14 and Cys17
in T4–5 represent possible candidates.
Hydrogen/Deuterium Exchange
Unheated cyt c in 0.33% formic acid shows a bimodal
charge-state distribution (not shown), representing the
presence of co-populated unfolded and native proteins.
As reported previously [53], exposing the protein under
these conditions to D2O results in HDX kinetics that are
very similar for all charge states. As an example, Figure
5a shows mass distributions for the 7 and 13 peaks
after 7 min of exchange. The peak maxima are shifted
by 97 and 98 Da, respectively, relative to unlabeled cyt
c. This corresponds to a relative HDX level around
97/(0.66  192)  77%. As discussed earlier, the obser-
vation of virtually the same exchange kinetics for all
charge states can be attributed to the rapid interconver-
sion of native and non-native conformers under the
conditions of partial acid unfolding [49–51,53].
A key finding in the study of Wagner and Anderegg
[53] was the observation of different HDX mass shifts
Figure 4. Partial ESI mass spectra recorded under “harsh” de-
clustering conditions (cone voltage 150 V, RF lens 1 voltage 170 V),
where [heme  H] is released as collision induced dissociation
product [74]. (a) Native protein; (b) after heat exposure for 1 h.for high- and low-charge states of heated cyt c. Also inthe current work the heat-exposed protein shows mass
distributions for all 10 to 15 peaks that are very
different from those of the 7 and 8 charge states
(exemplified for 7 and 13 in Figure 5b for t  17.5
min). The accurate determination of HDX levels is
Figure 5. ESI mass distributions for two representative cyt c
charge states obtained after incubation in 66% D2O. Solid lines:
7, dotted lines: 13. (a) Partially denatured (unheated) cyt cwith
0.33% formic acid. Integration was performed for an HDX time
window of 7  1 min. (b) Cyt c after 1 h of heating in neutral
solution. Integration was performed for an HDX time window
of 17.5  2.5 min. Also shown in (a) is the mass distribution of the
unlabeled protein. Panels (c), (d), and (e) represent different peak
shape simulations, aimed at reproducing the experimental 7 and
13 data in (b). Details are provided in the text. Vertical lines indicate
approximate centroids for the distributions in (b).
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signal-to-noise ratio of the data. From the approximate
centroids (vertical lines in Figure 5b) it is estimated that
high-charge states show a mass shift that is 25–30 Da
larger than that for low-charge states. At this juncture it
is tempting to directly follow the arguments of Wagner
and Anderegg [53] and conclude that this difference
is attributed to vastly different HDX characteristics,
caused by non-interconverting folded and unfolded
polypeptide chains in heat-exposed samples. However,
this interpretation may be overly simplistic because the
observed mass shifts result from a combination of HDX
and protein oxidation. In other words, it is not immedi-
ately clear whether highly charged ions really show
elevated HDX levels. Alternatively, the differences in
Figure 5b might be caused solely by the more extensive
oxidation of highly charged ions (Figure 3a and b),
which will shift the mass envelope to the right even if
all peaks showed the same HDX behavior. To examine
whether such a “trivial” explanation can account for the
effects seen in Figure 5b we resort to peak shape
simulations.
HDX induces centroid mass shifts in addition to
peak broadening [76]. The mass distribution of a broad-
ened peak p after HDX may be approximated as a
convolution of the protein’s shifted mass profile f with
a Gaussian distribution function D [64]. This can be
expressed as
p(M)  [f ∗ D](M) (1)
where
[ f ∗ D](M)


f ()D(M)d (2)
A FORTRAN program was written for the numerical
evaluation of eq 2. The procedure is illustrated in Figure
6, where the mass profile f is modeled as the sum of five
Gaussians that are spaced by 16 Da. Width and inten-
sity progression were chosen to mimic the 7 and 8
charge states of heated cyt c (Figure 3a). The entire
profile f was then shifted by 106 Da to account for a
mass increase ascribed to HDX. A Gaussian band with
a full width at half-maximum (FWHM) value of 50 Da
serves as the distribution function D. Convolution of f
and D according to eq 2 results in an unstructured peak
p. The presence of oxygen adducts (16, 32, etc.) in f
causes p to be slightly asymmetric, with a maximum
that is shifted by an additional 10 Da relative to the
non-oxidized protein (indicated by the arrows in Figure
6). We will now examine a few hypothetical HDX
scenarios based on the known oxidation patterns of
high- and low-charge states in heated cyt c. The simu-
lation procedure outlined in Figure 6 does not account
for non-specific solvent adducts that are frequently
observed on the high-mass side of ESI-MS peaks. Com-
parisons with experimental data will therefore focus on
the low-mass portion of the simulated curves, not far
past the peak maxima. To emphasize this point thesimulated profiles will be displayed as truncated on the
high-mass side.
Scenario a. We first consider a hypothetical scenario
where all oxidation levels in high- and low-charge
states show the same HDX behavior, corresponding to
the “trivial” case outlined earlier. The parameters used
for Figure 6 (HDX mass shift  106 Da, FWHM of D 
50 Da) provide a low-mass portion and peak maximum
that are in reasonable agreement with the experimental
7 data for the heated protein (solid lines in Figure 5b
and c). For reasons of simplicity, this parameter set will
be retained for modeling the low-charge-state behavior
in all cases considered here. Using a profile f that
mimics the elevated oxidation level of the high-charge
states (Figure 3b) under otherwise identical simulation
conditions results in a peak maximum that is shifted
further to the right (dotted profile in Figure 5c). How-
ever, comparison with the experimental 13 data in
Figure 5b reveals that this simulated mass shift falls
short of that seen for the measured 13 signal. It is
concluded that the “trivial” case considered here cannot
account for the experimentally observed difference in
mass shift after HDX.
Scenario b. The previous scenario is now modified by
assuming that the entire peak envelope of the 13
charge state undergoes an additional shift attributed to
more extensive HDX. Acceptable agreement with the
experimental data is obtained if this additional shift is
chosen to be 12 Da (dotted lines in Figure 5b and d).
Under these conditions the measured centroids are well
reproduced for both 7 and 13, as well as the fact that
the low-mass portions (between 12,300 and 12,350 Da)
of both experimental peaks rise almost in parallel
Figure 6. Illustration of how the peak shape p is generated as
convolution product of a mass profile f and a Gaussian distribu-
tion function D. Labels 0, 16, and 32 represent the degree of
oxygen adduction as in Figure 3a. Arrows highlight the positions
of peak maxima. Intensity scaling of the three curves relative to
each other is arbitrary. Additional information is provided in the
text.(Figure 5d).
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where protein ions exhibit different HDX properties
depending on whether they are oxidized, irrespective of
their charge state. For example, unoxidized 13 might
show the same isotope exchange properties as those of
unoxidized 7, whereas all oxidatively modified 13
species undergo more extensive HDX. Such a scenario
is tested in Figure 5e, where only the oxygen-bearing
components of 13 experience an additional HDXmass
shift of 9 Da. The peak maxima obtained in this way are
consistent with the measured data. However, the par-
allel rise of the experimental peaks between 12,300 and
12,350 Da is not well reproduced by the simulation.
The simulations of Figure 5 confirm that there is a
genuine difference in the experimentally observed HDX
levels of high- and low-charge states after heat exposure
(as in scenario b). “Trivial” mass shifts resulting from
oxygen adduction (scenario a) are not large enough to
account for the measured effects. We conclude that
a significant subpopulation of protein in the heat-
exposed sample is oxidatively damaged in such a way
that its members can no longer interconvert with con-
formers that are tightly folded. Partial unfolding of the
modified proteins makes them appear in higher charge
states, while at the same time giving rise to more
extensive HDX. This interpretation provides a straight-
forward explanation for the ESI-MS and HDX behavior
of cyt c after heat exposure that was previously reported
by Wagner and Anderegg [53].
A more subtle point is that ESI-MS also shows the
presence of high-charge states for unoxidized cyt c after
heating, represented by the “0” component in Figure 3b.
Charge states in this range are not observed without
prior heating (Figure 1a). Thus, heat exposure seems to
result in conditions that can lock protein chains in a
non-native structure, even in the absence of oxidative
modifications. The inadequacy of simulation scenario c
suggests that rapid interconversion of these species
with more compact conformers does not take place. It is
instructive to examine possible reasons that could cause
the irreversible denaturation of unoxidized protein af-
ter heat exposure. Cyt c does not possess any OSOSO
bridges, thus eliminating the possibility of disulfide
shuffling [59]. A small degree of Asn or Gln deamida-
tion (ONH2 ¡ OOH, mass shift  1 Da per affected
residue) [77] cannot be excluded, although our data
show that the bulk of the protein is unaffected by this
process. Formation of cis isomers at the protein’s four
X-Pro peptide bonds may slow down the normal sub-
second timescale of cyt c folding [78] by several orders
of magnitude [79]. However, X-Pro cis/trans isomeriza-
tion is reversible on a timescale of seconds to minutes
and would thus not be expected to generate proteins
that are permanently locked in a non-native structure.
An important point to remember is that the UV-Vis data
of Figure 2a demonstrate the occurrence of partial
aggregation after heating. Previous work has shown
that dissociation of protein aggregates during ESI can
generate highly protonated monomeric ions via asym-metric charge partitioning [20]. It is also known that
interconversion between aggregated proteins and those
that are free in solution is minimal [80]. In addition,
conformational distortion of polypeptide chains within
amorphous aggregates may promote rapid HDX. Thus,
partial aggregation of the heated protein could generate
a subpopulation of cyt c molecules that (1) remain
unoxidized, (2) appear in high-charge states, (3) do not
interconvert with the native state, and (4) show a higher
level of HDX than that of coexisting tightly folded
conformers. Although this aggregation mechanism is a
plausible scenario, other possibilities cannot be ruled
out.
Conclusions
Heat exposure of cyt c results in a subpopulation of
irreversibly denatured protein chains—i.e., species that
cannot attain their native state even when placed under
“physiological” solvent conditions. The non-native mol-
ecules coexist with tightly folded species, giving rise to
bimodal ESI charge-state distributions and perturbed
optical spectra. This work demonstrates that the dena-
tured conformers are heavily affected by oxidative
modifications. Oxidation sites include Met65, Met80,
Trp59, and the heme group. Modifications of Trp59 and
Met80, in particular, are expected to be highly disrup-
tive because in the native structure these residues are
located within the tightly packed protein core [62].
Protein oxidation appears to be the main reason that
prevents refolding to the native state for a considerable
fraction of cyt c molecules after heating. This interpre-
tation is supported by previous reports of oxidative
damage induced by different means for other proteins
[71–73, 81]. With interconversion being blocked, oxidation-
denatured protein chains undergo more extensive
HDX than native conformers in the same solution.
Unfortunately, oxygen adducts interfere with the anal-
ysis of isotope exchange data. Uncovering the presence
of HDX differences requires a careful analysis of the
measured peak shapes through comparisons with sim-
ulated spectra. Convolution integrals of the type used in
this work (eq 2) are a useful tool for interpreting HDX
data in the presence of interfering contributions. In
addition to oxidation, partial aggregation appears to
contribute to the formation of irreversibly denatured
protein after heating. These findings represent an ex-
tension of previous work by Wagner and Anderegg [53]
and Mirza et al. [55] who first reported on the interest-
ing properties of cyt c after heat exposure, without
examining the physical reasons for the observed behavior.
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